Introduction
than 20% (Richardson, 2003; Li et al., 2002) . TOX therefore provides a measure of the overall 1 organic halogenated DBP formation which cannot be provided by analysis of specific DBPs. It is 2 also an alternative to the measurement of individual DBPs, which cannot be done routinely due to 3 the diversity and the large range of molecular weights of the DBPs formed. 4 concentrations to 50 -300 µg L -1 iodide ion), while the concentration of iodide ion was kept 1 constant at 475 µg L -1 (3.74 µM i.e. equal molar concentration to 300 µg L -1 bromide ion). These 2 chloramination experiments were all performed at 20°C and pH 8. Relatively high concentrations 3 of bromide and iodide ions were used in these experiments to represent source waters that contain 4 high concentrations of these ions, where significant formation of brominated and iodinated DBPs 5 are expected (Richardson, 2007) . Sampling for the analysis of halogen-specific TOX in these 6 enriched through adsorption onto an activated carbon column using a Dohrmann ® AD-3 1 Adsorption Module. The activated carbon was then placed in a quartz sample boat and introduced 2 into the combustion chamber of a Dohrmann ® DX20 TOX Analyser. The activated carbon 3 sample was combusted in the presence of oxygen for 10 minutes at 1000 o C. The hydrogen halide 4 gases produced were collected in MQ water by way of a custom-made absorber. The MQ water 5 was then analysed for Cl 
THMs Analysis 17
THMs were extracted from the samples by headspace extraction (Dani HSS 3950 headspace 18 sampler), and analysed using gas chromatography (Varian 3300) with an electron capture 19 detection (HS /GC-ECD) (Hureiki et al., 1994) . GC separation of THMs was carried out using 20 high purity nitrogen as the carrier gas and a DB-624 megabore capillary column (J&W; 30 m x
3
Results and Discussion 1
Validation of the Halogen-Specific TOX Analytical Method 2
The analysis of halogen-specific TOX was carried out according to the method developed by Hua 3 and Reckhow (2006), with minor modifications to adapt to the instrument and material 4 availability in our laboratory. The recovery of the method was evaluated by determination of the 5 recoveries of several model compounds containing chlorine, bromine, and iodine. These model 6 compounds were bromoform, dichloroacetonitrile, trichloroacetic acid, 2,4,6-tribromophenol, 4-7 iodophenol and iodoacetic acid. The recoveries of these compounds were studied in a 8 concentration range of 20 to 100 µg L -1 in the aqueous samples, which corresponds to a 9 concentration range of 100 to 500 µg L -1 in the IC samples, due to the five fold concentration 10 factor in the method. All analyses were conducted in duplicate. Good recoveries, between 85 to 11 109%, were obtained in the present study, comparing well with analytical recoveries reported for 12 halogen-specific TOX by other researchers (Hua and Reckhow, 2006; Echigo et al., 2000; 13 Oleksy-Frenzel et al., 2000) . 14 15 Matrix effects were not observed in the analysis of halogen-specific TOX using the modified 16 method. halogen-specific TOX and THMs in these samples were measured. Figures 1 and 2 show the 4 production of halogen-specific TOX (as µmol L -1 halide) at 20 o C over the experimental period in 5 the chlorination and chloramination experiments, respectively, while Figure 3 shows the 6 production of THMs in both experiments. Table 2 presents the specific yield of halogen-specific 7 TOX and the disinfectant demand after 48 hours contact time for both chloramination and 8 chlorination, as well as the ratio of TOX to disinfectant demand. Separate chlorination and 9 chloramination experiments in the presence of iodide ion only (200 µg L -1 ) were carried out using 10 SR HPOA, in order to study the effect of chlorine and chloramine dose on the formation of TOI. 11
Various doses of chlorine and chloramine between 1 and 10 mg Cl 2 L -1 were used, and only the 12 concentration of TOI was measured in these samples. Table 3 gives the TOI formation at 48-hour 13 contact time for this set of experiments. 14 15 TOCl and TOBr were detected and quantified in both chloramination and chlorination 16 experiments (Figures 1 and 2 , Table 2 ). In contrast, TOI was always formed in chloramination 17 experiments (see Tables 2 and 3 ), but only formed in chlorination experiments where the chlorine 18 doses were less than 10 mg L -1 (Table 3) . The results presented in Table 3 demonstrate that the 19 concentration of chlorine significantly affects the formation of TOI, whereas the concentration of 20 chloramine has little effect on the concentration of TOI. In this experiment, at high chlorine 21 concentration of 10 mg L -1 , where the initial molar ratio of chlorine to iodide was 90, excess 22 chlorine was likely to have oxidised all iodide ion to HOI, and then further oxidised the HOI to 23 iodate. Unlike chlorine, chloramine is only able to oxidise iodide ion to HOI, which is then 1 available for reactions with NOM (Bichsel and von Gunten, 1999) to form TOI. In this case, 2 since chloramine was always in excess compared to iodide, the chloramine concentration had no 3 effect on the amount of TOI formed (Table 3) . 4 5 In both chlorination and chloramination, TOCl was the dominant TOX produced (Table 2 ). In the 6 chlorination experiments, TOCl accounted for 77% of TOX on a molar concentration basis, while 7 the corresponding value for chloramination was 88%. The high proportion of TOCl formed is 8 associated with the high disinfectant dose used in these experiments relative to the typical 9 chlorine doses used in the field. With higher iodide ion concentrations, chloramination was found 10 to result in TOI formation higher than TOCl formation (see Section 3.4). 11
12
Chloramination produced significantly less TOX and THMs than chlorination (Table 2, Figure  13 3). For a 48-hour contact time, chloramination resulted in a 72% lower concentration of TOCl 14 and a 93% lower concentration of TOBr than chlorination (Table 2) producing cleavage by-products such as THMs (Li et al., 2002) . Chloramine, however, is a 5 weaker oxidant than chlorine. The formation of DBPs in chloramination is thought to be a result 6 of reactions between NOM and small amounts of HOCl present in equilibrium with chloramine 7 (Duirk et al., 2002; Cowman and Singer, 1996) , as well as through direct reaction of chloramine 8 with NOM (Duirk et al., 2002) . Since there are less reactive species in a chloraminated system, 9 the formation of cleavage by-products, such as THMs, is less favoured, and the formation of by-10 products of higher molecular weight is preferred (Johnson and Jensen, 1986) . Therefore, the 11 THMs form only a small percentage of the TOX measured in chloraminated samples. 12
13
The relative oxidizing strength and the reactivity of chlorine and chloramine were also reflected 14 in the kinetics of the formation of TOX and THMs. In chlorination, 35% of TOX produced after 15 48 hours was formed in the first 30 minutes, while the corresponding value for THM formation at 16 the same time was 30%. In chloramination, 55% of the total TOX produced was formed in the 17 first 30 minutes, and the corresponding value for THM formation was 15%. These results 18 demonstrate that chloramination favours the formation of non-THMs halogenated by-products, 19
and that the formation of THMs during chloramination would only be the result of reactions 20 between NOM and residual free chlorine (HOCl) that is present in equilibrium with chloramine
3.3
The Effect of Temperature on the Formation of TOX in Chlorination and 1
Chloramination 2
In order to evaluate the influence of temperature on the formation of halogen-specific TOX, 3 chlorination and chloramination experiments with LR HPO NOM were performed at 20 o C and 4 50 o C. The concentrations of halogen-specific TOX formed at these temperatures are presented in 5 Table 2 . In both chlorination and chloramination, higher concentrations of halogen-specific TOX 6 were formed at the higher temperature, which was expected, since an increase in temperature has 7 been associated with a higher rate and a greater extent of formation of DBPs (e.g. Carlson and 8 Hardy, 1998; Engerholm and Amy, 1983) . Further data observation showed that increasing the 9 temperature from 20 o C to 50 o C did not have a significant effect on the proportions of TOCl and 10 TOBr in both chlorination and chloramination experiments. Therefore, the proportions of TOX in 11 chlorination and chloramination are not influenced by temperature, rather, they appear to be 12 primarily determined by the relative amounts of the halogen species in the system. 13 14 Furthermore, although the concentrations of halogen-specific TOX increased with increasing 15 temperature, the amount of halogen-specific TOX produced per mg of disinfectant consumed was 16 found to be higher at 20 o C than at 50 o C, for both chlorination and chloramination experiments 17 (Table 2 ). This demonstrates that the proportion of the disinfectant used in non-TOX forming 18 reactions, e.g. oxidation reactions forming non-halogenated DBPs, increases when the 19 temperature increases. 20 varying from 8 to 64%, depending on the NOM isolate and the initial iodide ion concentration 7 (Table 4) . At constant bromide ion concentration (300 µg L -1 ), TOBr production was not 8 significantly affected by the increase in initial iodide ion concentration (Figure 4b) . 9 10 The observed lower proportion of TOBr compared to TOI, and the lower bromine incorporation 11 compared to iodine incorporation in chloramination can be explained by a low concentration of 12 HOBr in the system. In chloramination, a variety of bromine species can be formed, but not all 13 contribute to DBP formation. NH 2 Cl reacts with bromide ion to form bromochloramine as shown 14 by the following equation (Gazda et al., 1993) In addition, HOBr could also be consumed in reactions with iodide and HOI, which would reduce 1 its availability to react with NOM. HOBr could induce the oxidation of iodide ion in the same 2 manner as HOCl (Hua et al., 2006) , and it has been reported to oxidise iodide to HOI through an 3
IBr intermediate (Troy and Margerum, 1991) . 4 5 Bromamines and bromochloramine do not react with NOM as readily as HOBr, and their 6 reactivities in the formation of DBPs are largely unknown (Symons et al., 1998) . Therefore, the 7 likely formation of bromamines and bromochloramine in chloramination would limit the steady 8 state concentration of active bromine species, and thus the formation of TOBr. 9
10
In contrast to bromide, NH 2 Cl oxidizes iodide ion into hypoiodous acid, which is not further 11 oxidized by NH 2 Cl (Bichsel and von Gunten, 1999). HOI is then available for fast reactions with 12 NOM, leading to iodinated DBPs (Bichsel and von Gunten, 2000) . Even though HOI is also 13 involved in oxidation reactions with formation of iodide, iodide is continuously reoxidised into 14 HOI, which favours the substitution reactions and explains the high incorporation of iodide into 15 NOM as TOI. 16 17
The Influence of NOM Characteristics on the Formation of TOX in Chloramination 18
In chlorination, aromatic structures within NOM have been reported to be especially reactive 19 with chlorine in producing DBPs, and significant correlations have been observed between 20 aromaticity (as indicated by UV 254 or SUVA 254 , and % aromatic C) and DBP formation (Croué et 21 al., 2000; Wu et al., 2000; Reckhow et al., 1990) TOBr. Similar correlations were also obtained for TOX since TOCl was the major contributor to 7 TOX. Other researchers have reported that a linear correlation exists between SUVA 254 and the 8 formation of TOX in chlorination (Rostad et al., 2000; Krasner et al., 1996) and chloramination 9 (Wu et al., 2003) , and also between TOX and % aromatic C in chloramination (Wu et al., 2003) . 
Conclusions

18
The formation of halogen-specific TOX upon chlorination and chloramination of NOM isolates 19 in the presence of bromide and iodide ions was studied and the following conclusions were made: 20
• Chloramination produced significantly less TOX and THMs than chlorination. 21
• In both chlorination and chloramination, TOCl was the dominant TOX species produced, as a 22 result of the high ratios of Cl 2 /Br -and Cl 2 /I -used in these experiments. A higher proportion 23 of TOCl was observed in chloraminated samples, indicating limited formation of TOBr in 1 chloramination due to the formation of bromamines instead of HOBr. 2
• TOI was always produced during chloramination, which is in agreement with the known 3 chemistry of iodine in water treatment. In chlorination, chlorine oxidises iodide through to 4 iodate, limiting the presence of HOI for reactions with NOM to produce TOI. A suitable 5 chlorine dose, sufficient to completely oxidise iodide to iodate, should be utilised for source 6 waters containing iodide, since it will limit the formation of TOI, which is considered to be 7 more harmful than TOCl and TOBr. 8
• In chlorination, THMs constituted 47% of TOX, while THMs comprised only 7% of TOX in 9 chloramination. Although chloramine produced less TOX than chlorine, it formed 10 proportionally more non-THM DBPs. These non-THM DBPs are mostly unknown, 11 corresponding to unknown health risks. The results of this study highlight that better 12 understanding and estimation of the health risks associated with chloramination DBPs are 13 needed. 14 • The formation of TOI in chloramination increased as the initial iodide ion concentration 15 increased. A maximum of ~60% of the initial iodide ion was incorporated into NOM and 16 measured as TOI. Iodine incorporation into NOM was consistently higher than bromine 17 incorporation, although the molar concentrations of initial iodide ion were lower than 18 bromide ion. Competitive reactions between bromine and iodine species were found to 19 favour the formation of HOI and thus TOI, rather than TOBr. NH 2 Cl reacts with iodide to 20 produce only HOI, which then reacts with NOM to produce TOI; while NH 2 Cl reacts with 21 bromide forming HOBr, as well as other bromine species such as bromamine and 22 bromochloramine, which have little contribution to the formation of TOBr, and HOBr could 23 also be consumed in reactions with iodide to produce HOI, rather than in reactions with 1 NOM to produce TOBr. This study shows that the presence of bromide and iodide ions 2 significantly affected the extent of TOX formation, as well as the distribution of TOX 3 species. Therefore, inorganic precursors of DBPs also need to be seriously considered in 4 efforts to minimise DBP formation and risks. 5
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